1. Plasma and buffy-coat vitamin C, urinary proline, hydroxyproline, creatinine and total amino acid concentrations were measured in 23 healthy elderly subjects at intervals of 3 months.
This correlation was not observed with unhydrolysed urine, and it appeared to reside in the diffusible fraction, part of whose proline could be liberated by prolidase digestion. In addition, in the men, there was some evidence for a positive correlation between plasma or buffycoat vitamin C and the ratio of total urinary amino acids to creatinine.
5. These results support the view that poor vitamin C status in elderly humans may be associated with a defect in collagen proline hydroxylation, reflected by increased excretion of proline-rich, collagen-derived peptides. If this interpretation is correct, it indicates a potential Iotroduction Although functional tests have recently been developed for thiamine (Brin, 1967) , riboflavin (Glatzle, Korner, Christeller & Wiss, 1970) and vitamin Bb (Sauberlich, Canham, Baker, Raica & Herman, 1972) , there is no accepted functional test for human subclinical vitamin C deficiency (Hughes, 1973; Sauberlich, Dowdy & Skala, 1974) . In view of the widespread incidence of low dietary vitamin C intakes and low blood vitamin C concentrations, especially in elderly people (Bowers & Kubik, 1965; Kataria, Rao & Curtis, 1965; Exton-Smith & Scott, 1968; Booth & Todd, 1970; Milne, Lonergan, Williamson, Moore, McMaster & Percy, 1971; Andrews, 1973; Burr, Elwood, Hole, Hurley & Hughes, 1974) , it would be helpful to be able to relate blood vitamin C concentrations to the competence of specific vitamin C-dependent biochemical reactions which occur in those tissues which are pathologically affected in scurvy.
It is now widely accepted that vitamin C has an important role in the biosynthesis of collagen, and many of the symptoms of scurvy can be attributed to the breakdown of mesenchymal connective tissue, probably as a result of the failure of new collagen synthesis to replace losses resulting from normal turnover (Gould, G 1960; Barnes & Kodicek, 1972) . Without adequate vitamin C, cultured connective tissue cells fail to achieve optimum hydroxylation of proline and lysine in nascent collagen, and produce a molecule that is deficient in hydroxyproline and hydroxylysine. This abnormal molecule is denatured at body temperature, and may either accumulate within the cells or be secreted in a form which cannot form fibres (Green & Goldberg, 1964; Priest & Bublitz, 1967; Levene & Bates, 1975; Blanck & Peterkofsky, 1975) ; if it were formed in the intact animal it would presumably be degraded. The molecular lesion is related to a cofactor-like role of ascorbic acid in the action of prolyl and lysyl hydroxylases (Peterkofsky & Udenfriend, 1965 ; Hutton, Tappel & Udenfriend, 1967; Cardinale & Udenfriend, 1974) and also, apparently, a role in the maintenance of prolyl hydroxylase in an active form (Stassen, Cardinale & Udenfriend, 1973; Levene, Aleo, Prynne & Bates, 1974; Kuttan, Cardinale & Udenfriend, 1975) .
A reduction in collagen proline hydroxylation might be expected to produce changes in collagen-derived peptides excreted in the urine resulting from a decrease in hydroxyproline or an increase in peptide-bound proline, in underhydroxylated fragments of the molecule. Recent studies on a human subject with a suspected genetic block in collagen proline hydroxylation (Nusgens & Lapitre, 1973) revealed a substantial increase in peptidyl proline excretion, but, contrary to expectation, hydroxyproline excretion was also increased. Barnes & Kodicek (1972) and Barnes (1975) observed a transient increase in free proline excretion at the onset of acute scurvy in guinea pigs; Hornig, Weber & Wiss (1971) noted a similar transient increase in plasma free proline concentrations in scorbutic guinea pigs.
Proline and hydroxyproline excretion in relation to vitamin C status were studied during a longitudinal study of dietary intake, blood concentrations and clinical symptoms in a group of elderly people living at home.
Methods

Subjects
23 elderly volunteers (12 men, 11 women, ages 74-86 years) were chosen for participation in the nutritional study on the basis of reasonably good health and life-expectancy, and a wide range of biochemical values relating to vitamin C status, which had been measured in a previous cross-sectional survey performed by the Department of Health and Social Security (Panel on Nutrition of the Elderly, 1972). The informed consent of the subjects was obtained at the outset of the study. During the study, mild diabetes was diagnosed in one subject and lung cancer in another, but since neither subject showed signs of serious deterioration of general health, their results are included. None of the subjects showed any symptoms of scurvy or collagen disease. Since a major purpose of this study, which will be reported in detail later, was to investigate the relation between natural dietary intake and vitamin status, a gelatin-free diet was not imposed. Some of the urinary constituents, particularly hydroxyproline, may thus have been contributed from the diet. To minimize this contribution, only early-morning urine samples were analysed, and dietary records failed to reveal any correlation between hydroxyproline excretion and the frequency of gelatin-rich foods in the diet. This factor is unlikely to have contributed to the observed correlations in this study.
Analysis
Morning blood and urine samples were collected from each subject once every 3 months, mainly over one winter; the urine was preserved frozen with toluene, and the blood samples were immediately processed in three or four separate portions for plasma and buffy-coat vitamin C determination. Leucocytes were separated by the dextran method of Denson & Bowers (1961) . The vitamin C content of both plasma and separated leucocytes was measured by the method of Pelletier (1968) after stabilization and protein removal with a mixture of metaphosphoric acid (2%, w/v, final concentration) and ethanol (33%, w/v, final concentration). This method excludes biologically inactive derivatives such as ascorbic acid sulphate and 2,3-diketogulonic acid, as well as most other interfering substances. To avoid nitrogen flushing, 66% sulphuric acid was used instead of the nitric acid/phosphoric acid mixture recommended by Pelletier for the final acidification step; adequate sensitivity was achieved by working on a semi-micro scale and by using cuvettes of 2 cm path length. Leucucytes were counted with a Coulter Counter (model D), and amounts of buffycoat vitamin C are expressed per 10' leucocytes.
Urinary creatinine was measured by the Jaff6 reaction (di Giorgio, 1974) , and the absence of protein was confirmed with sulphosalicylic acid. Urine samples were then diluted with water to 0.2 mg of creatinine/ml, and were heated with an equal volume of concentrated hydrochloric acid for 24 h at 100°C. The hydrolysates were then evaporated to dryness in a Buchler Rotary Evapo-Mix, and were either redissolved in water or, where necessary, were dissolved in a small excess of sodium hydroxide or sodium carbonate solution, and were evaporated again to remove free ammonia, which interferes with the assays for total amino acids. The samples were finally redissolved in hydrochloric acid (0.2 mol/l) at a concentration equivalent to 0.88 or 1-77 m o l of creatininelml, and were centrifuged to remove humin. The evaporation under alkaline conditions had no significant effect on the subsequent assays for proline and hydroxyproline. Certain samples were hydrolysed in sodium hydroxide (3.3 mol/l) at 100°C for 24 h, were partly evaporated to remove ammonia and were then neutralized with hydrochloric acid and analysed in the same way as the acid hydrolysates. Others were treated with Zerolit 225 SRCl6 @I+) cationexchange resin (British Drug Houses Ltd); the absorbed peptides were hydrolysed to free amino acids by heating at 100°C for 44 h, and these were eluted with sodium carbonate (0.2 mol/l), evaporated, and redissolved in hydrochloric acid (0.2 mol/l).
Proline was measured by Wren & Wiggall's (1965) modification of Troll & Lindsley's (1955) assay, usually without the performic acid oxidation step, and with xylene instead of benzene as the chromophore extractant. Subsidiary experiments indicated that the performic acid oxidation step was dispensable and that although omission of the Permutit adsorption step resulted in values which were consistently about 30% higher than those obtained after Permutit treatment, this did not appear to affect any of the correlations obtained. Since the acidninhydrin method somewhat overestimates in prolines in complex mixtures, the results were checked by the method of Blumenkrantz & Asboe-Hansen (1975) , based on oxidation by chloramine T, extraction into toluene and reaction with p-dimethylaminobdehyde.
This method gave values about 5% lower than the acid-ninhydrin method, but the correlations were unaltered.
Hydroxyproline was determined by Blumen-
Since a few of the hydrolysates yielded an interfering yellowish chromophore in the final step, some of the results were checked by the more specific method of Leroy, Kaplan, Udenfriend & Sjoerdsma (1964), with disposable microcolumns of cationexchange resin.
Total amino acids were measured by a ninhydrin-based assay (Spies, 1957), and by a 2,4-dinitrofluorobenzene-based one (Ibbot, 1974) , DL-leucine being used as the reference in both cases. The two methods gave very similar results, and yielded similar correlations. The calculations assume that each amino acid gives the same colour yield as leucine, which is an approximation.
The possibility that vitamin C might affect the analyses directly, either by contributing to chromophore production or by modifying chromophore production by the other components of the urine, was tested by adding pure ascorbic acid (0.64 .umol/.umol of creatinine) to some of the urine samples and then processing them in the usual way, by acid hydrolysis, evaporation, removal of ammonia, and then measurement of proline by the Wren & Wiggall (1965) procedure and total amino acids by the 2,4-dinitrofluorobenzene procedure. The results were unaffected in the presence of the added ascorbic acid.
Unhydrolysed urine samples were analysed similarly; for the 2,4-dinitrofluorobenzene assay it was essential to include sample blanks, by addition of the acid diluent before the coupling reagent, to eliminate the natural colour of the urine. This was also necessary with the hydrolysates if they were deeply coloured.
Urinary non-diffusible fractions were obtained by dialysing samples containing 0.88-1.77 pmol of creatinine in bags of 18/32 Visking tubing, against several changes of aqueous sodium azide (1.53 ,umol/l) for 3-4 days; the contents of the bags were then hydrolysed and were analysed in the same way as whole-urine hydrolysates. The composition of the diffusible fraction was then calculated by difference.
Prolidase digestion of urine was achieved by adding approximately 200 units of hog-kidney prolidase (proline dipeptidase, EC 3.4.13.9), purified through steps 1 and 2 of the procedure of Davis & Smith (1957) . After incubation for 3 h at 40°C in a buffer, pH 7.4, containing tris-(hydroxymethy1)methylamine (0.1 mol/l) and manganese chloride (0.01 mol/l), free proline and hydroxyproline were measured by the method of Blumenkrantz & AsboeHansen
(1 975).
Each result is the average for two or more time-points for each subject: for 11 subjects, two time-points were available; for another 11, three points, and for one subject, four points.
Results
Plasma vitamin C showed a strong positive correlation with buffy-wat vitamin C ( Table 1) . Most subjects maintained quite constant plasma and buffy-coat vitamin C concentrations throughout the study. The ratios of hydroxyproline to creatinine, hydroxyproline to total amino acids, proline to creatinine and proline to hydroxyproline in urine did not correlate significantly with either plasma or buffy-coat vitamin C, but there was a significant negative correlation between the ratio of urinary proline to total amino acids and measurements of vitamin C in the buffy coat and plasma ( Fig. 1  and Fig. 2) .
Similar correlations were seen between urinary proline/total amino acids and plasma or buffy- coat vitamin C, at a lower level of significance, in sodium hydroxide hydrolysates of urine and in hydrolysates obtained by heating the urinary peptides, after adsorption with cationexchange resin. The ratio of proline liberated by prolidase digestion to the total amino acids after acid hydrolysis yielded a correlation only slightly weaker than that found for the total proline released by acid hydrolysis. The prolidasereleasable proline accounted for about 6.5% of the proline in acid hydrolysates, of which about onalifth was already present as free proline before digestion (see below). The correlation between prolineltotal amino acids and plasma or buffycoat vitamin C was not detectable in the non-diffusible fraction of the urine remaining after dialysis; this fraction contained about 21.7% of the proline and 102% of the 2,edinitrofluorobenzenareactrobenzenereacting material in whole urine. The diffusible fraction, calculated by difference, however, yielded correlations between prolineltotal amino acids ratio and plasma and buffycoat vitamin C concentrations which were comparable with those observed with undialysed urine hydrolysates.
Some improvement in the correlation for proline/total amino acids in acid hydrolysates was achieved by subtracting the value for hydroxyproline/total amino acids ( Table 1 ) . This brought one or two outlying values into line: subjects who had higher than average excretion rates of both proline and hydroxyproline, but fairly good vitamin C status according to their blood concentrations.
A moderate positive correlation was found between the ratio of total urinary amino acids to creatinine, and plasma or buffy-coat vitamin C concentrations (Table 1) . Like the negative correlation observed for proline/total amino acids this could also be detected in the diffusible fraction of urine, but not in the non-diffusible fraction.
Neither the correlation involving the proline/ total amino acids ratio (using the acid-ninhydrin assay for proline and the dinitrofluorobenzene assay for total amino acids), nor the correlation involving total amino acidslcreatinine, could be detected if unhydrolysed urine was analysed directly. 32*6+0-8% (SEM, n = 59) of the dinitrofluorobenzene reaction of acid hydrolysates and 24.26f0-8% of the acidninhydrin reaction of acid hydrolysates was obtained without prior hydrolysis; however, these are unlikely to be accurate estimates of the free amino acids in urine, as free ammonia can contribute to the 2,4dinitrofluorobenzene reaction, and partial hydrolysis of urinary peptides occurs in the acid-ninhydrin assay. When the Blumenkrantz & AsboeHansen assay for and urine. These later samples, collected during the summer, showed correlations similar to those in the winter, although they did not reach as high a level of significance. Nevertheless, the overall average correlation between urinary proline/total amino acids ratio and buffy-coat vitamin C was significant at the 5 % level, and the correlation between urinary (proline minus hydroxyproline)/total amino acids and buffycoat vitamin C was significant at the 1 % level, for the 23 subjects over the entire period of study. The correlation between total amino acids/creatinine and buffy-coat vitamin C was also significant at the 5% level over the entire period.
Attempts to detect correlations between successive time-points for each individual have so far yielded inconclusive results, partly because most of the subjects have shown relatively little change in either plasma or buffy-coat vitamin C concentrations during the period studied.
Full details of individual measurements in all 23 subjects have been deposited, as Clinical Science andMolecular Medicine Table no . 77/01, proline was applied to unhydrolysed urine samples, only 1.28 +0.08% of the proline in acid hydrolysates was detected ; unfortunately this method was barely sensitive enough to measure the free proline content accurately.
These correlations were analysed for each sex separately ( Table 2) ; although the numbers are small it is evident the correlations involving the ratio of proline to total amino acids reached significance for both sexes, whereas those involving the ratio of total amino acids to creatinine achieved significance only for the men.
In the women there was a negative correlation between urinary proline/creatinine and plasma and buffy-coat vitamin C, and also a barely significant negative correlation between urinary hydroxyproline/creatinine and buffycoat vitamin C. It is not yet possible to be certain whether a genuine sex difference exists with respect to these correlations, or whether other variables such as smoking also contribute. Some measurements continued for a further 6 months, giving a total of 120 samples of blood TABLE 2. Correlation coeflcients and probabilities calculated separately for men and women All measurements refer to acid-hydrolysed urine samples: proline by the acid-ninhydrin method; total amino acids values are averages of measurements by the ninhydrin and 2,4-dinitrofluorobenzene assays.
n, Number of observations; r, correlation coefficient; P, probability. with the Librarian of the Royal Society of Medicine, 1 Wimpole Street, London WIM 8AE, who will issue copies on request.
Variables correlated
Discussion
Several workers have attempted to relate hydroxyproline excretion to the course of experimental vitamin C deficiency in guinea pigs and in humans, with somewhat conflicting results. The fall in hydroxyproline excretion observed in scorbutic guinea pigs by Martin, Mergenhagen & Prockop (1961) was apparently attributable primarily to inanition (Barnes, Constable & Kodicek, 1969b) ; scorbutic animals seem, in fact, to excrete slightly more hydroxyproline than pair-fed control animals. The ratio of proline to hydroxyproline in urinary collagen-derived peptides was only slightly increased in scorbutic guinea pigs (Barnes & Kodicek, 1972; Barnes, 1975) , and no accumulation of grossly under-hydroxylated collagen could be detected in their skin, but instead there was a rapid fall in synthesis of margindly underhydroxylated collagen long before symptoms of scurvy appeared (Barnes, (1974) suggest that elderly subjects with low blood vitamin C concentrations, and children treated with corticosteroids, both respond by increased hydroxyproline excretion after receiving oral vitamin C supplements. In this study total hydroxyproline excretion was not significantly correlated with plasma and buffy-coat vitamin C concentrations, although there was a non-significant tendency towards higher excretion at low vitamin C concentrations in the women. Likewise, the prolinelhydroxyproline ratio, which has proved a useful index of collagen hydroxylation in collagenase digests of fibroblast cultures (Bates, Prynne & Levene, 1972) , did not correlate significantly with vitamin C status, although there was a possible trend towards higher values in those subjects with low vitamin C status. Further studies of non-diffusible urinary peptides are in progress.
Significant negative correlations were observed between the proline/total amino acids ratio in hydrolysed urine, and plasma and buffy-coat vitamin C concentrations, and for the men there was also a significant positive correlation between the urinary total amino acids/ creatinine ratio and plasma and buffy-coat vitamin C levels. The 6rst of these correlations is consistent with increased excretion of small, collagen-derived peptides, from increased degradation of slightly under-hydroxylated collagen in tissues which have a suboptimum vitamin C content. This follows from the observation that collagen is richer in proline than other body proteins, and that degradation products of non-collagenous proteins are excreted at a fairly constant rate per unit of body weight (Nusgens & Lapikre, 1973 ). An increased prolineltotal amino acids ratio could therefore result either from an increase in degradation of fully hydroxylated collagen or from a contribution from partially hydroxylated collagen. However, fully hydroxylated collagen would yield an equivalent amount of hydroxyproline, and since the negative correlation was stronger for proline than for hydroxyproline, the involvement of under-hydroxylated collagen is suggested. Similar reasoning can explain the urinary excretion in a subject with suspected genetic hydroxylation deficiency, who showed a moderate increase in hydroxyproline excretion and an enormous increase in proline excretion (Nusgens & Lapikre, 1973) .
The significant correlations obtained with the diffusible, but not with the non-diffusible fraction of urine, and also with prolidase digests of urine, suggest involvement of short peptides, including dipeptides with C-terminal proline, which are characteristic of the degradation products of collagen.
A simple relation between proline excretion and vitamin C status in individuals who have abnormally high rates of turnover of normal collagen and therefore increased levels of hydroxyproline excretion is unlikely. The correlation involving the prolineltotal amino acids ratio was improved by subtracting the value for hydroxyproline/total amino acids; this correction could make an allowance for variations in turnover of fully hydroxylated collagen.
The positive correlation observed between plasma or buffy-coat vitamin C and the urinary total amino acids/creatinine ratio in the men is perhaps surprising in view of previous reports that scorbutic humans and guinea pigs show increased excretion of free amino acids (Jonxis & Huisman, 1954; Chadwick, Fawcett & Warburton, 1959; Gaddis, Fisher, Miller & Rosenberg, 1965; Barnes et al., 1969b) . However, peptide excretion has not been studied in the early stages of human scurvy and it is possible that a reduction in overall connective tissue turnover and remodelling might occur as a result of the reduced availability of fully hydroxylated collagen.
The correlations described may, of course, reflect variations in overall physiological status, rather than a specific response to vitamin C availability. Low blood vitamin C concentrations are commonly associated with the stress of illness, and although the subjects in this study had above average health for their age, they nevertheless presumably span a spectrum of stress responses as well as a spectrum of vitamin C intakes. The ongoing dietary study may help to disentangle these factors. In this context it is noteworthy that plasma vitamin C concentrations were closely correlated with amounts of buffy-coat vitamin C, indicating a relatively stable relationship between blood and tissue concentrations of the vitamin.
In conclusion, these observations provide preliminary biochemical evidence that vitamin C status in healthy elderly human subjects is linked to the rate of excretion of proline-rich peptides. Even if this proves to be a transient effect of vitamin C limitation, like the increase in plasma and urinary free proline found at the early stages of vitamin C deficiency in guinea pigs (Barnes & Kodicek, 1972; Barnes, 1975; Hornig et al., 1971) , it could be of practical use in estimating acceptable blood vitamin C concentrations and dietary intakes in human populations, with respect to the potential for collagen synthesis and connective tissue repair processes.
